INTRODUCTION
In enclosed and semi-enclosed aquatic ecosystems the development of shellfish farming alters both the physical and chemical characteristics of the water column (Cloern 1982 , Murphy & Kremer 1985 , 1991 , Dame & Libes 1993 , Mazouni et al. 1996 and enhances the fluxes of the organic matter toward the sediments (Boynton et al. 1980 , Sornin et al. 1990 ). Furthermore, the physiological activities of the cultivated bivalves often induce the formation of a chlorophyll sink (Jarry et al. 1990 ) and can also control the abundance of the phytoplankton populations (Cloern 1982 , Alpine & Cloern 1992 .
This direct impact of cultivated species is reinforced by the development of biofouling communities (David 1970 , Agius et al. 1977 , Arakawa 1990 , Dalby & Young 1993 , Mazouni 1995 , Lamy 1996 which colonize the oyster shells particularly when farming structures are constantly submerged. Several studies on the physio-ABSTRACT: This study was based on in situ experiments conducted in a shellfish lagoon (Thau, France) to determine the interactions between suspended oyster Crassostrea gigas Thunberg cultures and their environment at a seasonal scale. Three groups of descriptors were considered simultaneously during the course of the study: the taxonomic composition of an oyster culture unit (OCU), the nutrient and oxygen exchanges at the OCU-water interface (fluxes) and the water-column characteristics (water). We used a multiple factorial analysis (MFA) to assess in a single reference frame:
(1) the seasonal organisation of the taxonomic groups which compose the OCU and (2) the interactions between this multispecific assemblage and the water column. We found strong seasonal variability in the OCU composition and the OCU interactions with the water column. Taxonomic richness of the biofouling was at a maximum in spring and minimum in August after a bottom anoxia. Among biofouling species, ascidians always constituted the dominant group. The annual pattern of coexistence observed between ascidians and oysters might be explained by resource partitioning, and also by a beneficial trophic interaction between these 2 groups. The structure of the OCU was based on a complex system of interactions, particularly in spring. During this season, the development on the OCU of macrofauna of soft substratum such as polychaetes reflected the presence of a suspended sediment compartment. The influence of the OCU on the water column was maximum in summer and minimum in winter. In the shellfish zone, the OCU plays a central role in nutrient renewal, particularly in summer when benthic fluxes are insufficient to satisfy phytoplankton nitrogen requirements. We estimate that the multispecific assemblages occurring on the oyster ropes (oysters and biofouling) have a potential annual DIN production of 2 × 10 7 mol yr -1 , and thus oyster cultures could have a determining influence on nitrogen recycling in the water column in the Thau lagoon.
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Resale or republication not permitted without written consent of the publisher logy of some epifaunal species such as ascidians (David 1970 , Fiala-Médioni 1974 , 1978 , Lesser et al. 1992 , Riisgård et al. 1995 , Petersen et al. 1997 , or sponges (Reiswig 1972 , Stuart & Klumpp 1984 , Lesser et al. 1992 , have shown their potential influence on the water column and on the species they overgrow. However, the influence of shellfish cultures on their environment has been mostly described by considering only the cultivated species (Murphy & Kremer 1985 , Prins & Smaal 1990 , Dame et al. 1991 , Dame 1993 , Dame & Libes 1993 , Hatcher et al. 1994 ) rather than the whole assemblages (oyster and biofouling species).
In this context, and in order to provide a more realistic picture of the impact of oyster cultures on the water column, we propose in the present paper a new approach based on the consideration of oyster-cultures as a whole assemblage (oyster and biofouling). The study has been carried out in Thau lagoon where Japanese oysters Crassostrea gigas Thunberg are reared on constantly submerged long-lines on which the biomass of biofouling communities can comprise 2.7 to 14 kg per line (David 1970 , Lamy 1996 . The aims of the study were to determine (1) the seasonal structural patterns of an oyster-culture assemblage (taxonomic richness, dominance), and (2) the interactions between the taxonomic composition of oyster culture units (OCU) and the water column. To this end, we performed a multicompartment approach based on the simultaneous temporal monitoring of the taxonomic composition of the OCUs, the exchanges at the OCU-water interface ('fluxes') and the characteristics of the water column ('water'). Our main questions were: (1) Which factors control the biofouling development and the taxonomic composition of an OCU? (2) How does the whole suspended community affect the surrounding area?
MATERIALS AND METHODS
Study site. Thau lagoon is a shallow marine ecosystem, located on the French southwest Mediterranean coast (Fig. 1) . In this 7500 ha basin, depth is about 4 m on average, and water renewal is weak, from 3 to 4 mo (Millet 1989) . Since 1977, a semi-intensive oyster-farming industry has been developed. The oyster farms provide 90% of the French Mediterranean oyster yield, which represents 10% of the total French production of oysters.
Monthly monitoring of the OCU composition was performed from January to December 1992 to determine the seasonal patterns of changes in taxonomic composition of oyster culture units (OCUs). Located in the central part of the lagoon in Sector B (5 m depth), the sampling station ( Fig. 1) was representative of average conditions for chlorophyll a richness (4 µg l -1 ), depth (4 m), and oyster density (Mazouni 1995) . During the seasonal cycle studied, 2 months (February, Sep- tember) were not sampled because of technical problems. Moreover, the period studied was characterized by bottom anoxia at the end of July (Mazouni et al. 1996) . In each survey, we studied simultaneously 3 OCUs of different oyster ropes but at the same depth (3 m). This depth was chosen to limit the development of macroalgae communities, which are only present in the first 1 m of the lines. Thus, we worked on assemblages mostly composed of heterotrophic organisms, which were representative of the communities present on the whole oyster rope. At the end of experiments, OCUs were collected and the fouling community was divided into several taxonomic groups (algae, ascidians, polychaetes, bryozoans, sponges). The dry biomass of oysters (flesh dry weight) and that of each group of the fouling organisms (total dry weight) were measured after freeze-drying. Sample measurements. We used a WTW LF 196 Conductivity Meter to measure salinity and temperature in the water column. The concentration of dissolved oxygen was recorded with a polarographic oxymeter (YSI 58) calibrated in air at 100% saturation. Nutrient concentrations in the water column were measured by the methods of Koroleff (1969) and Tréguer & Lecorre (1975) . Chlorophyll a content was estimated on the basis of in vivo fluorescence (Lorenzen 1966) recorded on a fluorimeter (Turner 111). The fluxes were measured in situ, using the metabolic enclosure system (MES) (Mazouni et al. 1998 ). This system consists of 2 transparent metacrylate hemispheres fitted together with a plastic (PVC) ring, with a total volume of 35.7 l (Fig. 2) . Each metabolic enclosure contained an OCU. The MES was used in flow-through conditions or in incubation, in order to estimate, respectively, the filtration rate of the OCU and the oxygen and nutrient fluxes. The water was circulated by means of a peristaltic pump connected to each metabolic enclosure, and 2 magnetic stirrers prevented stratification of the water.
All water inlets were centralised to obtain homogeneous conditions for each MES. Water was sampled (3 replicates) at the entrance and exit of each MES to measure the influence of the OCU on in vivo fluorescence. Then we stopped the pump and closed the system for use in incubation to estimate oxygen and nutrient fluxes. Water (100 ml) was sampled in each MES every 30 min to estimate changes in nutrient concentrations during incubation. Oxygen concentrations were monitored with an oxygen probe, and recorded throughout the experiment. Fluxes are defined as the slope of the linear regression between concentration of the corresponding element and the time of the experiment (incubation). The filtration (FIL) of the OCU was calculated on the basis of changes in in vivo fluorescence. The filtration rate of the OCU was expressed in l h -1 and calculated as: ), which varies between 30 and 120 l h -1 (according to water temperature) to achieve a total particle uptake of < 30%.
Data used. The variables measured were divided into 3 groups (Table 1 ). The structuring of variables into groups (OCU, fluxes, water) allowed the simultaneous study of different components of the ecosystem. In Group 1, taxonomic groups were expressed as percentages of total biomass of the OCUs to describe the composition of the OCUs. Group 2 was representative of the direct impact of the shellfish farming on the environment (fluxes); and Group 3 was characteristic of the conditions prevailing in the water column (water). For the OCU group, we tested variability between 3 replicates measured on the same date, and found it significantly lower than the monthly variability of the OCU (ANOVA, p ≤ 0.05). So, for each month, the OCU composition is presented as an average of the 3 replicates used in our experiments.
Data analysis. The temporal monitoring of interactions between the OCU and its environment required the combined analysis of the 3 groups of variables considered in our work (OCU, fluxes, water). Multivariate analyses constitute a useful tool to study the interactions between several compartments of an ecosystem (Ter Braak 1987 , Dolédec & Chessel 1994 . However, the structuring of variables into groups (OCU, water, fluxes) limits the use of standard multivariate analyses, which would not be able to balance the effect of all groups. In the present study, the temporal monitoring of interactions between the OCU and its environment required the combined analysis of the 3 groups of variables considered. To this end, we needed a method able (1) to coordinate the analysis of each group within a rigorous and reproducible framework, and (2) In the second step, each group of the entire matrix is weighted by the inverse of the first eigenvalue of its separate analysis to balance inertia between the different groups and thus balance their influences. This method made it possible to consider all the groups on an equal basis. The third step is a global PCA (i.e. a PCA of the entire weighted matrix) analysing in single factorial space the patterns of different groups of variables. Assessment of the correlation between the global scatter (defined by all the variables) and the partial (defined by each group) indicates whether the structure shown by each axis of the MFA is common to several groups or if it is specific to one of them. So the MFA allowed us to study both the seasonal organisation patterns of the OCU and the interactions between it and its environment. For further details on the statistical models on which the MFA is based see Escofier & Pagès (1994) , Haury et al. (1995) and Chessel & Hanafi (1996) . The MFA was performed with ADE-4 software (Thioulouse et al. 1996) , available in freeware distribution on internet (http://biom3.univ-lyon1.fr/ADE-4/ADE-4.html). 
RESULTS
In this study, on Crassostrea gigas OCUs, the MFA higlighted a strong seasonal structuring of the 3 groups studied. In Table 2 , the high correlation coefficients indicate that the 2 first axes of the MFA were common to all groups (OCUs, fluxes, water). So, as they provide a good representation of the seasonal variation in the components studied, only the first 2 factorial axes of the MFA are presented. They accounted for 64.5% of the total inertia and revealed a 2-fold opposition between seasons (Fig. 3) . The projection of samples (months) onto the first factorial plane showed that the first axis (36 %) revealed an opposition between summer (June, July, August) and winter (December, January) mainly due to a temperature gradient (Fig. 4) that ranged from 4 (January) to 25°C (August). On the second axis, the opposition between spring and autumn (independent of the temperature gradient) accounted for an important part of the total variability (28.5%). Taxonomic diversity of the biofouling and nutrient concentrations in the water column distinguished between these 2 seasons: spring was characterised by high taxonomic diversity in the OCUs and high nitrogen concentrations in the water column, whereas in autumn the biofouling community was mainly composed of ascidians (75% of total biomass of the OCUs: Table 1 ).
Structural pattern of OCUs
The projection of variables onto the first factorial plane of the MFA (Fig. 5) showed that on Axis 1 sponges and algae were opposed to oysters, whereas on Axis 2 the abundance of ascidians opposed the presence of polychaetes. Among the epifaunal taxonomic groups, ascidians (Ciona intestinalis, Phallusia mammillata, Botryllus sp.) were dominant in the OCU assemblage, but their percentage showed a seasonal pattern. However, their presence was independent of water temperature, as they were found when water temperature was very low (4°C) in January as well as when it was high (23 to 25°C) in summer (Fig. 6 ). In August (5 wk after a bottom anoxia event), only young ascidians were present on the oyster shells, their biomass accounting for 84% of the total biomass of the OCU. From March to July, increased taxonomic richness occurred, with the development of bryozoans, sponges, polychaetes and algae (Fig. 6 ). Polychaetes Capitella capitata were present from March to July and in December.
Interactions between OCUs and their environment
On the first axis of the MFA, the projected variables of the fluxes group were distributed according to their intensity, which was maximum in summer, except in the case of phosphate fluxes (Fig. 5 ). For these, their central positioning on the first factorial plane of the MFA showed their relative independence with regard both to temperature gradient (Axis 1) and species diversity and nutrient concentrations (Axis 2). The very close proximity of January and December on the first factorial plane of the MFA (Fig. 3) ) and very low flux intensity. Conversely, in summer (June to August), the OCUs had the greatest impact on the water column, as fluxes were maximum. Moreover, although the projections of July and August of Fig. 5 are close on the first axis, they are markedly distinct on the second axis. Flux intensity and clearance rate were important in both these months, but species composition between OCUs differed completely (Fig. 3) . This shows that summer was composed of 2 periods: the first (June to July) during which the biofouling community was multispecific, the second (August) during which it was monospecific. During spring (March to May) and autumn (September to November), the fluxes (nutrients and oxygen) and filtration rate of the OCUs were weak, indicating that oyster cultures had a reduced influence on the water column. The water-column characteristics differed notably between these 2 seasons, with high levels of nutrient concentrations in autumn and low levels in spring (Figs. 5 & 6, Table 1 ).
DISCUSSION
The MFA gave an overall picture of both the structural patterns of the oyster-culture assemblages and the interactions between the OCUs and the water column on a seasonal scale. On the OCUs, the taxonomic composition of the biofouling community showed strong seasonal variability, but ascidians were always dominant. In regard to interactions between the OCUs and the water column, water temperature greatly influenced both the taxonomic diversity of the OCUs and the impact of the cultivated assemblages on the water column.
Seasonal patterns in OCU structure
On the oyster shells, the taxonomic richness of the biofouling community was maximum in spring and minimum in winter. In spring, the colonization of the substratum was enhanced by the great abundance of larval forms during what is a period of breeding for many organisms (Fiala-Médioni 1974 , Petersen & Svane 1995 , Lamy 1996 . While oyster shells constitute hard substrata for biofouling species, in spring we found that macrofaunal soft-substratum communities such as polychaetes were abundant on the OCUs. One explanation of this unexpected result could be the activity of biofouling organisms. Several authors have pointed out that activities of biofouling organisms (especially of ascidians, which produce large amounts of biodeposits; Fiala-Médioni 1974) can lead to accu- Table 2 Fig. 6. Seasonal changes in taxonomic group composition of an oyster culture unit. Calculated on basis of total dry weight of assemblage mulation of organic matter along the oyster ropes (Agius et al. 1977 , Arakawa 1990 ) and thus to modifications to the substratum (Dean & Hurd 1980) . In the OCUs of the present study, the polychaete Capitella capitata developed, an organism that is a biological indicator of an environment with high organic content (Reish 1955 , Grassle & Grassle 1974 . This result showed that in Thau lagoon, oyster cultures are responsible for the formation of a sediment compartment suspended in the water column. The structure of the OCUs was thus based on a complex system of interactions in which several compartments (macrofauna of hard and soft substrata, sediment) and trophic levels (primary producers, filter-feeders, deposit-feeders) were represented. Possibly this accumulation of organic matter along the oyster ropes could partly explain the weak enrichment in organic matter recorded in the underlying sediment of Thau lagoon (Mazouni et al. 1996) , compared to that of most shellfish-farming areas (Sornin et al. 1987 , Grenz et al. 1990 , Smaal 1991 . While spring was characterized by high species diversity, we recorded a low level in July. During this month, we previously evidenced the presence of bottom anoxia and its impact on the water-sediment interface (Mazouni et al. 1996) . The expansion of this phenomenon into the water column might be responsible for the high mortality on the OCUs, and partly explain the strong decrease in biofouling diversity observed in July. During anoxia, oysters may survive due to their ability to adapt to anaerobic conditions (Shumway 1981 , Riva & Massé 1985 . Conversely, ascidians, which are highly sensitive to this kind of perturbation (Osman et al. 1989 ), disappeared completely. The subsequent return to oxic conditions allowed new development of epifauna on the substratum (oyster shells). The ability of tunicates to again colonize the substratum as early settlers (Branch 1984 , Lamy 1996 was confirmed by the abundant presence of young ascidians 5 wk after the anoxia event (August).
Our results also evidenced the coexistence of oysters and ascidians during the whole seasonal cycle studied. Coexistence between these 2 suspension-feeders has been previously described by Dalby & Young (1993) , who tested the tolerance of oysters to ascidian overgrowth in Florida, and by Petersen et al. (1997) , who compared the growth rate of mussels and ascidians in eelgrass meadows. However, ascidians are generally considered as trophic competitors that could limit and/or retard oyster development (Jackson 1983 , Stuart & Klumpp 1984 by exerting high grazing pressure on the phytoplankton (Riisgård et al. 1995) . In the Thau lagoon, picophytoplankton (<1 µm), which represents 73 to 93 % of the total phytoplankton cells detected by flow cytometry and 20% of the whole phytoplankton biomass (Courties et al. 1994 , is consumed abundantly by the OCUs (Mazouni et al. 1992 , Mazouni 1995 . Given the fact that oysters only feed efficiently on larger particles (Kuzuki 1977 , Shumway et al. 1985 , Outin 1990 , picophytoplankton could constitute a major food resource for ascidians, which are known to take up small particles efficiently (Fiala-Médioni 1974 , Monniot 1979 , Jørgensen et al. 1984 . The high level of abundance of picophytoplankton cells in the water column and the lack of any particle selection by ascidians (Petersen et al. 1997 ) could also favour resource-partitioning between the 2 species. This food-resource partitioning might limit the trophic competition expected between these 2 populations of filter-feeders (Branch 1984) and explain their coexistence in the Thau lagoon.
However, in accordance with Arakawa's (1990) concept that 'a beneficial effect a certain amount of fouling could have on the development of the oysters during cultivation', trophic interactions between oysters and ascidians might not be limited to this kind of resource-partitioning. These tunicates, which filter large amounts of water (Jørgensen & Goldberg 1953 , Fiala-Médioni 1978 , Monniot 1979 , Randlov & Riisgard 1979 , trap particles with a continuous mucus sheet (Jørgensen & Goldberg 1953 , Jørgensen 1966 and produce large quantities of biodeposits (Fiala-Médioni 1974) . The presence in their faeces and pseudofaeces of intact algae embedded in mucus sheets (FialaMédioni 1973) shows the potential influence ascidians could have on oyster particle-uptake. These released aggregates of picophytoplankton or other small particles are in a size range which could subsequently be available as a food source for the oysters. Our assumption of positive trophic interactions between these 2 groups appears to be in accordance with (1) in situ observations of shellfish farmers who consider ascidian development on the oyster ropes as predictive of a good harvest, and (2) the rapid oyster growth rate recorded in this lagoon, which is the fastest of all French shellfish-farming areas (Anonymous 1994) . Nevertheless, at this stage, further experiments are needed to test this hypothesis, and they will constitute the next step of our work.
Interactions between OCUs and their environment
In the present work, fluxes showed a strong pattern of seasonal structuring. With the exception of phosphate, high fluxes were correlated to high temperature and to high species diversity. In summer, the water temperature stimulated the activity of the organisms present on the OCUs. This positive relationship with temperature has been previously described in connection with oxygen uptake by the oysters (Shumway 1981 , Bougrier et al. 1995 and with nitrogen production , Zuburg & Smaal 1993 . The very low fluxes in winter could also be explained by water temperature, which reached an exceptionally low level in January 1992 (4°C). This thermal stress induced dormancy in the organisms and the high mortality rate observed in the biofouling populations and the cultivated oysters. Among the biofouling species, only ascidians (especially Ciona intestinalis) were still present on the oyster shells. This species, also found in Danish fjords (Petersen & Svane 1995) , can tolerate very low temperatures. In a previous work (Mazouni et al. 1998) , we also pointed out that the taxonomic composition of the OCUs explain 70% of the variability of nutrient and oxygen fluxes at the OCU-water interface. We also found that species diversity in the OCU assemblage is correlated with high fluxes of nitrogen and oxygen, especially in spring. Flux intensity at the OCU-water interface is thus determined by both water temperature and the taxonomic composition of the assemblage.
The fluxes measured at the OCU-water interface are in accordance with those given in the literature for bivalve beds. The oxygen fluxes correspond to those presented by Zuburg & Smaal (1993) for mussels with epifauna, and by Dankers et al. (1989) , whereas the phosphate fluxes are similar to those measured in the intertidal zone by Prins & Smaal (1994) . Conversely, the ammonium fluxes recorded in our study are higher than those in the literature (Nowicki & Nixon 1985 , Boucher & Boucher-Rodoni 1988 . Furthermore, the high nitrate-nitrite flux we recorded could arise not only from animal excretion but also from nitrification processes. These fluxes are in the same range as those recorded when bivalves are cultivated on beds in which the contribution of sediments is important (Dame & Dankers 1988 , Smaal 1991 , Prins & Smaal 1994 ). According to Zuburg & Smaal (1993) , this sediment contribution can reach 70% of the total DIN released by bivalve beds. However, in our measurements at the OCU-water interface we cannot consider any contribution of bottom sediment, since oysters are reared on long lines suspended in the water column. Thus, we postulate that nitrogen production by the OCUs arose from both direct excretion by the shellfish assemblage itself (oyster and biofouling) and from organic matter remineralisation in the suspended sediments (i.e. sediment interface on the OCUs). In the water column, this high nitrogen production by the OCUs may control the availability of dissolved inorganic nitrogen (DIN) to the phytoplankton (Hammond et al. 1985 , Kaspar et al. 1985 , Dame & Libes 1993 .
In the shellfish sector studied, comparison of the activity of benthic nitrogen recycling and OCU production (Table 3) revealed that the OCUs always had the greatest impact on the environment. Moreover, in summer, biological activity of the OCU assemblage controls nitrogen renewal at a time when benthic fluxes are insufficient to satisfy phytoplankton nitrogen requirements (Table 3) . Since watershed inputs are very low (sometimes non-existent) at this time, and primary production is based on recycled nitrogen (Souchu et al. 1997) , the nutrient recycling by the OCUs may drive the primary production of the system. Fortunately, in this basin, harvesting occurs mainly in winter, when the influence of the oyster cultures on the water column is limited. However, over the past decade, the prolongation of the harvest throughout the year, with a rising trend in summer (correlated with the enhancement of tourist activities), could, in the near future, constitute a major source of perturbation for the whole ecosystem.
Given the intermediary position of the station studied with regard to other shellfish farming sectors, both from the point of view of environmental conditions (chlorophyll a, taxonomic richness and depth), the oysters' growth rate and density (Anonymous 1994) , the rate of biofouling (Lamy 1996) , and the intensity of nutrient fluxes, in particular during the summer (Mazouni 1995) , we propose a rough extrapolation of our results to the lagoon as a whole. Although such calculations can at best offer an approximate idea of the scale of the potential impact of oyster cultures on nutrient renewal in the water column, they do provide a basis for comparison with the estimation of Picot et al. (1992) . On the sole basis of oyster excretion rate, these authors estimated a DIN production by oyster cultures of 10 7 mol yr -1
, whereas the present study on the whole assemblage (oysters and biofouling organisms) indicates an annual DIN production capacity in the order of 2 × 10 7 mol yr -1
. In a context where nitrogen is a limiting factor for primary production , this result emphasizes the fact that studies of the impact of oyster cultures cannot be limited to the cultured species, but must take into account the biofouling community as well. However, in order to quantify more precisely the impact of oyster cultures on nitrogen renewal on the scale of the whole Thau lagoon, ), oyster culture units (OCUs) nitrogen production and nitrogen requirements of primary producers in shellfish-farming Sector B in Thau lagoon further investigations are needed on the spatial variability of nutrient fluxes at the OCU-water interface. They will constitute the next step of our work.
